The objective of this study was to examine the expression of transforming growth factor beta receptor (TGFBR)1, TGFBR2, TGFBR3, activin receptor (ACVR)1B and ACVR2B in ovaries of cows with cystic ovarian disease (COD). The expression of the selected receptors was determined by immunohistochemistry in sections of ovaries from cows with ACTH-induced and spontaneous COD. Expression of TGFBR1 and TGFBR3 was higher in granulosa cells of cysts from cows with spontaneous COD than in tertiary follicles from the control group. Additionally, TGFBR3 expression was higher in granulosa cells of cysts from cows with ACTH-induced COD than in those from the control group and lower in theca cells of spontaneous and ACTH-induced cysts than in tertiary control follicles. There were no changes in the expression of TGFBR2. ACVR1B expression was higher in granulosa cells of tertiary follicles of cows with spontaneous COD than in the control group, whereas ACVR2B expression was higher in cysts of the spontaneous COD group than in tertiary follicles from the control group. The alterations here detected, together with the altered expression of the ligands previously reported, indicate alterations in the response of the ligands in the target cells, modifying their actions at cellular level.
| INTRODUC TI ON
In dairy production, the low reproductive performance is considered one of the factors that cause major economic losses throughout the world. One of its causes is cystic ovarian disease (COD), since it leads to temporary infertility and is one of the most common reproductive disorders in dairy cattle (Cattaneo et al., 2014; Silvia, Alter, Nugent, & Laranja da Fonseca, 2002) . COD in cows is characterized by persistent anovulatory follicular structures in the absence of corpora lutea (CL) and interrupted or abnormal oestrous cycles (Silvia et al., 2002) . Although it is accepted that the main component of the pathogenesis of this disease is related to a failure in the hypothalamic-pituitary-ovarian axis, there is an intraovarian component involved in the follicular persistence associated with the lack of ovulation (Ortega et al., 2015) .
The transforming growth factor beta (TGFB) superfamily is a widely distributed group of diverse proteins, which function as extracellular ligands related to numerous physiological processes in both the pre-and postnatal life (Glister, Kemp, & Knight, 2004; . Members of this superfamily have been classified into several subfamilies: the TGFB subfamily, which comprises TGFB1, TGFB2 and TGFB3, the bone morphogenetic protein (BMP) subfamily, the growth differentiation factor (GDF) subfamily, and the GDNF subfamily, as well as additional members such as anti-Müllerian hormone and the activin/inhibin subfamily, which includes activin A, AB, B and inhibin A and B. Most of the members of the TGFB superfamily perform their actions through binding to two types of complexed hetero-tetrameric membrane receptors . In mammals, there are seven subtypes of type 1 receptors (TGFBR1) and five subtypes of type 2 receptors (TGFBR2) associated with signal transduction ligands of the TGFB superfamily (Glister et al., 2004; . Receptor activation by phosphorylation of the intracellular kinase domain leads to phosphorylation of downstream signal molecules called Smads regulated by receptor (RSmads). Such molecules modulate gene expression through interactions with various transcription factors, coactivators and corepressor molecules (Glister, Groome, & Knight, 2006; .
A further group of cell surface molecules, including TGFBR3 (known as betaglycan), serve as binding proteins or receptors for certain ligands of the TGFB superfamily (Glister, Satchell, & Knight, 2010) . TGFBR3 is a nonsignalling membrane-anchored receptor that traps TGFB near the cell surface and enhances its presentation to type 2 receptors (Glister et al., 2010) . TGFBR3 is also a coreceptor for inhibin, promoting interactions between this and activin receptor (ACV) R2, ACVR2B and BMP receptor (BMPR)2 (Chapman, Bernard, Jelen, & Woodruff, 2002) . TGFB isoforms bind to TGFBR2, which in turn recruits TGFBR1, resulting in the trans-phosphorylation of TGFBR1 and activation of downstream signals. A similar mechanism occurs with ACVR2 that in turn recruits type 1 receptor, ALK4 (Knight & Glister, 2003) . The different usage of type 1 and 2 receptors and Smads may be responsible for the different actions of activin in different tissues and target genes, explaining their functional diversity. The activin signalling through the ACVR1B-Smad2 pathway plays a pivotal role in ovarian granulosa cell function by regulating CYP19A gene expression and thereby follicular development (Nomura et al., 2013) .
Previous results have allowed us to hypothesize that there are significant alterations in the expression of components of the TGFB superfamily. We have found changes in the expression of several ligands of this superfamily. A higher expression of TGFB1 and TGFB2 was found in granulosa and theca cells of spontaneous cysts than in atretic or tertiary follicles of the control group ).
Additionally, a high expression of activin, inhibin and follistatin was detected in spontaneous cysts in relation to antral follicles from the control group . As a consequence, and to better understand the signalling mechanisms of these members of the TGFB family, in this study, we examined the immunolocalization and expression of TGFBR1, TGFBR2, TGFBR3, ACVR1B and ACVR2B in the ovary of healthy cows and cows with ACTH-induced and spontaneous COD. 
| MATERIAL S AND ME THODS

| Induction of COD by adrenocorticotropin (ACTH) administration
The model of ACTH-induced COD used in this study has been previously described and characterized (Amweg et al., 2013; Ribadu et al., 2000) . Briefly, beginning on day 15 of a synchronized oestrous cycle, five heifers received subcutaneous injections of 1 mg of a synthetic polypeptide with ACTH activity (Synacthen Depot, Novartis, Basel, Switzerland), every 12 hr for 7 days (ACTH-induced COD group).
Other five animals received saline solution (1 ml) (control group).
Ovarian ultrasonographic examinations were performed daily in all animals until ovariectomy in both groups (Figure 1 ), using a real-time, B-mode scanner equipped with a 5 MHz, linear-array, F I G U R E 1 Experimental design for the induction of follicular cysts. Holstein heifers were synchronized and treated with ACTH or saline solution, every 12 hr, from days 15 to 22 of the oestrous cycle. Follicular dynamics were followed by daily ultrasound scanning, and blood steroid hormones were measured as indicated. Ovariectomy was performed to obtain preovulatory follicles from control animals and cysts persisting for at least 10 d from treated animals transrectal transducer (Honda HS101V, Japan) (Díaz et al., 2016) . Follicular cysts detected by ultrasonography were defined as any follicular structure with a diameter equal to or greater than 20 mm present for 10 days or more, without ovulation or CL formation (Silvia et al., 2002) . The first day of follicular cyst formation was the day on which a follicle attained 20 mm or more in diameter and the ovaries were removed 10 days later by ovariectomy (approximately day 48).
In the control group, ovariectomy was conducted when the dominant follicle reached a diameter higher than 10 mm, in the absence of an active CL, to obtain preovulatory follicles (approximately day 18).
Blood samples were obtained daily throughout the experiment to test hormone concentration in parallel studies (Amweg et al., 2013) .
| Spontaneous COD
Multiparous, high yielding Holstein cows were diagnosed with COD during the periodic reproductive control by rectal palpation and ultrasonography (B-mode ultrasound equipped with a transrectal 5.0 MHz linear-array transducer, HS-101V, Honda Co., Japan) considering previously described parameters (Amweg et al., 2013; Silvia et al., 2002) . The ovaries were removed by ovariectomy and blood samples were collected just before surgery for hormone analysis. The health status of the follicles was confirmed by hormonal concentrations in follicular fluid and ovarian morphology (Amweg et al., 2013) .
| Tissue sampling and follicular classification
The ovaries were conditioned, cut and fixed in 4% buffered formaldehyde for 8-10 hr at 25ºC and then washed in phosphate buffered saline (PBS). Then, fixed tissues were dehydrated in an ascending series of ethanol, cleared in xylene and embedded in paraffin. Sections (5 µm thick) were mounted on slides previously treated with 3-aminopropyltriethoxysilane (Sigma-Aldrich, St. Louis, MO, USA) . For immunohistochemical analysis, follicles were classified into the following groups: primary, secondary and tertiary follicles (Priedkalns, 1998) and follicular cysts (Silvia et al., 2002) . Only follicular cysts with a complete granulosa cell layer were analysed.
| Immunohistochemistry
The technical details, suppliers and concentrations of antibodies used are reported in Table 1 . A streptavidin-biotin immunoperoxidase method was performed as previously described . chromogen. Finally, the slides were washed in distilled water and counterstained with Mayer's haematoxylin, dehydrated and mounted . To verify immunoreaction specificity, adjacent control sections were subjected to the same immunohistochemical method, replacing primary antibodies with goat, rabbit and mouse nonimmune sera. The specificity of the secondary antibodies was tested by incubation with primary antibodies with negative reaction to bovine antigens: anti-human CD45 (clone: PD7/26; Dako) and antihuman oestrogen receptor alpha (polyclonal, Cell Marque). To exclude the possibility of nonsuppressed endogenous peroxidase activity, some sections were incubated with DAB alone .
| Western blotting
To test the specificity of the antibodies used in immunohistochemistry technique, a complete wall of bovine tertiary follicles were homogenized in a radio-immunoprecipitation assay lysis buffer to obtain proteins. Proteins (40 µg) were separated by SDS-PAGE (15% resolving gel) and were transferred onto nitrocellulose membranes (GE Healthcare, UK), blocked for 1 hr in 2% nonfat milk in Tris-buffered saline (TBS) containing 0.05% Tween-20 (Sigma-Aldrich Corp., Brooklyn, NY, USA), and then incubated overnight at 4°C with specific primary antibodies.
After washing, membranes were treated for 1 hr 30 min with the corresponding secondary peroxidase-conjugated antibody. The immunopositive bands were detected by chemiluminescence, using the ECL-plus system (GE Healthcare, Buckinghamshire, UK) on hyperfilm-ECL film (GE Healthcare, Buckinghamshire, UK). Western blotting analysis detected positive bands of appropriate sizes for each of the molecules studied by immunohistochemistry. TGFBR1 was detected as a single band at 56 kDa, TGFBR2 at 75 kDa, TGFBR3 as a band at 95 kDa, ACVR1B as a band at 55 kDa and ACVR2B as a band at 58 kDa.
| Image analysis
Microscopic images were digitized with a colour video camera Nikon calculated as a percentage of the total area evaluated through the colour segmentation analysis, which extracts objects by locating all objects of the specific colour (brown stain). The brown stain was selected with a sensitivity of 4 (maximum 5) and a mask was then applied to separate the colours permanently. The images were then transformed to a bi-level scale TIFF format. The methodological details of image analysis as a valid method for quantification have been described previously (Wang, Zhou, et al., 2009 ).
| Statistics
The adequate number of images per follicle and the number of follicles per category were confirmed from a sample size calculation that evaluated the number of samples necessary to produce an estimate of the immunoreactivity that would fall within 0. 
| RE SULTS
| Experimental model
The effective induction of COD by ACTH was confirmed by ovarian morphology and by serum and follicular fluid hormone concentrations (data shown in Amweg et al., 2013) . In the spontaneous and ACTH-induced groups, healthy developing follicles, follicles showing different degrees of atresia, and one large follicular cyst (in one ovary) with a complete granulosa cell layer were observed in the ovaries. An active CL was absent in all cases. COD was also confirmed by hormone concentrations. Ovaries from oestrous-synchronized control animals exhibited follicles in various stages of development, including primary, secondary and tertiary follicles as well as atretic follicles (Amweg et al., 2013) .
| Immunolocalization and expression of receptors
All receptors evaluated were localized in both granulosa (primary, secondary, tertiary, and cystic follicles) and theca cells (tertiary and cystic) of the groups evaluated (Figure 2 ).
| TGFBR1
In granulosa cells, TGFBR1 expression was higher in primary follicles of the control and spontaneous COD groups than in those of the ACTH-induced COD group (p < 0.05). TGFBR1 expression was also higher in tertiary follicles of the spontaneous COD groups than in those of the ACTH-induced and control groups (p < 0.05). TGFBR1 expression was also higher in spontaneous cysts than in tertiary follicles of the control group as reference structures (p < 0.05) (Figures 2 and 3) .
In theca cells, TGFBR1 expression was lower in ACTH-induced cysts than in tertiary follicles of the control group as references structures (p < 0.05).
| ACVR1B
In granulosa cells, ACVR1B expression was higher in tertiary and cystic follicles of the spontaneous COD group than in similar structures of the ACTH-induced COD group (p < 0.05). ACVR1B expression was also higher in tertiary follicles from the spontaneous COD group than in those of the control group (p < 0.05).
In theca cells, ACVR1B expression was higher in tertiary follicles of the spontaneous COD group than in those of the ACTH-induced COD and control groups (p < 0.05).
| TGFBR2
TGFBR2 expression in both the granulosa and theca cell layers was similar between groups (p > 0.05; Figures 2 and 3 ).
| ACVR2B
In granulosa cells, ACVR2B expression was higher in primary follicles of the ACTH-induced COD and spontaneous COD groups than in those of the control group (p < 0.05). ACVR2B expression was also higher in cysts of the spontaneous COD group than in those of the ACTH-induced COD group (p < 0.05).
In theca cells, ACVR2B expression was higher in tertiary follicles of the ACTH-induced and spontaneous COD groups than in those of the control group (p < 0.05). In both granulosa and theca cells, ACVR2B expression was higher in spontaneous cysts than in tertiary follicles of the control group as a reference structure (p < 0.05; Figures 2 and 3 ).
| TGFBR3
In granulosa cells, the comparison between groups showed no differences in follicular categories (p > 0.05). In theca cells, TGFBR3 expression was lower in the tertiary follicles of the ACTH-induced group than in those of the control and spontaneous COD groups (p < 0.05). In contrast, in granulosa cells, TGFBR3 expression was higher in the spontaneous and ACTH-induced cysts than in tertiary follicles of the control group as reference structures (p < 0.05; Figures 2 and 3) . In theca cells, TGFBR3 expression was lower in ACTH-induced and spontaneous cysts than in tertiary follicles from the control group.
| D ISCUSS I ON
The signalling pathway of members of the TGFB superfamily is important to determine their roles in intracellular communication pathways and ovarian pathological conditions. The receptors evaluated in this study were detected in the granulosa and theca interna cells of all follicular stages, and the expression of some of the receptors associated with the activin-inhibin-follistatin system and of the transforming growth factor beta subfamily was altered in the ovaries of cows with COD.
Activins exert autocrine and paracrine effects to promote proliferation and maintain differentiation of granulosa cells (Knight, Satchel, & Glister, 2012) . In addition, in the presence of the follicle stimulating hormone (FSH), activin can enhance aromatase activity/oestrogen production and progesterone secretion, as well as increase the expression of FSH receptor and follistatin (Knight et al., 2012) . Previous results have shown an altered expression of the components of the activin-inhibin-follistatin system in cows with COD . These studies showed an increased expression of the βA-subunit, corresponding to activin A as well as Inhibin can only effectively interact with type 2 receptor when it binds to TGFBR3, which is considered essential for inhibin function F I G U R E 2 Representative images of TGFBR1, ACVR1B, TGFBR2, ACVR2B and TGFBR3 immunolabeling in tertiary follicles from control group and cystic follicles from cows with ACTH-induced COD and spontaneous COD. G: granulosa cell layer; T: theca cell layer. Bar = 25 μm because it maintains inhibin near activin receptors, enhancing the interaction with them (Cook, Thompson, Jardetzky, & Woodruff, 2004) . In the present study, we detected a higher expression of TGFBR3 in the spontaneous and ACTH-induced cysts than in tertiary follicles of the control group as a reference structure.
In cows with COD, the increase in inhibin expression, added to the increase in TGFBR3 expression, may act in favour of the actions of inhibin in detriment of activin. Considering that activin stimulates granulosa and theca cell proliferation, and considering that proliferation is diminished in cysts (Salvetti et al., 2010) , it can be supposed that inhibin acts through its high expression and by binding to TGFBR3, as an activin antagonist.
It has been shown that inhibin-A may antagonize TGFB2 by promoting internalization of TGFBR3 from the cell surface (Looyenga, Wiater, Vale, & Hammer, 2010) . Therefore, it is clear that inhibin is involved in the modulation of multiple signalling ligands of the TGFB family and not only of activins.
In the present study, granulosa cells showed higher expression of TGFBR1 in spontaneous cysts than in tertiary follicles of the control group as a reference structure. In theca cells, TGFBR1 expression F I G U R E 3 Relative protein expression (measured as percentage of immunopositive area) of TGFBR1, ACVR1B, TGFBR2, ACVR2B and TGFBR3 in primary, secondary, tertiary and cystic follicles (only in COD groups) from control ovaries and ovaries from cows with cystic ovarian disease (COD), both in granulosa and theca cells. Values represent the mean ± SD. Different letters indicate significant differences (p < 0.05). *Values were statistically different at p < 0.05 as compared with tertiary follicles of control group was lower in ACTH-induced cysts than in tertiary follicles of the control group. Moreover, TGFBR2 expression in both granulosa and theca cell layers was similar between groups. TGFBR2 is the only TGFB receptor able to bind all the TGFB isoforms and elicit functional signalling (Sueyoshi, Yamamoto, & Akiyama, 2012) . TGFBR1
has been best characterized as the primary receptor for the TGFB ligands (TGFB1, TGFB2, TGFB3), but GDF8 and GDF9 have been additionally reported to signal through this receptor (Fang et al., 2015; Wang, Nicholls, et al., 2009) . Previous results have shown a higher expression of TGFB1 and TGFB2 in follicular cysts of cows with spontaneous COD than in control animals. The increased expression of TGFBR1, added to a higher expression of the ligands, mainly TGFB1 and 2 , could increase the actions of these growth factors in ovarian cellular processes.
The TGFB subfamily has only mild stimulatory or even inhibitory effects on granulosa cell proliferation/survival (Juengel & McNatty, 2005) . As previously reported, the proliferation/apoptosis balance is altered in cystic follicles of animals with spontaneous and ACTH-induced COD (Salvetti et al., 2010; Sun et al., 2012) . In in vitro studies, Zheng, Boerboom, and Carriere (2009) showed that in granulosa cells, TGFB1 promotes apoptosis independently of FSH stimulation.
In addition, TGFBs have inhibitory effects on progesterone synthesis in granulosa cells collected from cattle, sheep (TGFB1 and TGFB2) and pigs (Juengel & McNatty, 2005) . Increased expression of TGFB1 and 2, coupled with the increase in TGFBR1 expression, may contribute to the alterations in steroid concentrations observed in cows with COD, where a decrease in progesterone and similar levels of 17β-estradiol concentrations in COD animals have been detected (Amweg et al., 2013) . In bovine theca/interstitial cells in vitro, TGFB suppresses LH-stimulated androgen production (Juengel & McNatty, 2005) . The results presented here show that the expression of TGFBR1 is decreased in the theca cells of ACTH-induced cysts without differences in cows with spontaneous COD in relation to control animals. This contrasts with the increase in TGFB1 observed in the theca cell layer in follicular cysts of cows with spontaneous COD . Altogether, the results found in the present study contribute to the hypothesis that the altered system of the TGFB superfamily contributes to the alteration in the cellular processes in the ovary of cows with COD.
Finally, the differences found between cows with spontaneous and ACTH-induced COD are probably due to differences in the environmental conditions and the time of persistence of the cysts, which could influence the expression of these components.
The evaluation of the TGFB superfamily receptors allowed identifying alterations in their expression in cows with COD in relation to the control animals. This, together with the alterations previously found at the level of the ligands, would contribute to modifications in the signalling, favouring their actions at the cellular level. This could contribute to follicular persistence and endocrine changes, thus contributing to the pathogenesis of bovine COD. Given the complexity and multifaceted nature of ovarian folliculogenesis, unravelling the functions of the intraovarian signalling pathways that regulate this essential process in pathological conditions would provide data applicable to the design of protocols and effective therapeutic measures.
| CON CLUS ION
The alterations here detected, together with the altered expression of the ligands previously reported, indicate changes in the response of the ligands in the target cells, modifying their actions at cellular level.
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